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Nuclear pore complexes (NPCs) mediate all selective bidirectional transport between the nucleus and the
cytoplasm. Additional functions for NPCs and their constituent proteins (nucleoporins) are emerging,
some independent of classical transport. Specifically, enzymatic activities at the NPC regulate nucleocyto-
plasmic transport and use the NPC as a regulatory scaffold. Also, nucleoporinsmay regulate gene expression
by contacting chromatin. Discriminating between effects on transport, scaffolding, and gene expression is
a major challenge in understanding the role of the NPC in signaling and development.Core Function of the NPC
The eukaryotic interphase nucleus is a gene expression factory
where signaling molecules and ribonuclear protein complexes
enter and leave. These molecules transit across the nuclear
envelope (NE) at NPCs, large protein structures that permeate
the NE. The core function of the NPCs is mediating selective bidi-
rectional nucleocytoplasmic transport (Go¨rlich and Kutay, 1999;
Tran and Wente, 2006). Three layers of selectivity for nucleocy-
toplasmic transport can be distinguished: size, signal, and direc-
tionality. Small molecules and proteins below a molecular weight
(MW) of roughly 20 kD have unrestricted access to and from the
nucleus. Spherical proteins larger than that are more restricted
in their diffusion across the NPC, and such an example is BSA
(60 kD), which is essentially incapable of entering the nucleus
by itself (e.g., Mohr et al., 2009). However, some much larger
proteins, if they are elongated, can still slowly diffuse into the
nucleus where they can accumulate in the nucleus by binding
to chromatin or other nuclear structures (Mohr et al., 2009; Tol-
winski and Wieschaus, 2001). In contrast, signal-mediated trans-
location of protein or protein/RNA complexes of over 1000 kD is
extremely rapid (Ribbeck and Go¨rlich, 2001). These signals
mainly work in one direction, and so a significant accumulation
can be achieved either in the nucleus using a nuclear localization
signal (NLS) or in the cytoplasm using a nuclear export signal
(NES). In contrast to diffusion, signal-mediated accumulation is
an active process, i.e., requires energy (reviewed in Mattaj and
Englmeier, 1998).
The mechanism of how these three layers of selectivity are
imposed by the NPC, at least for proteins and small RNAs, has
only recently become clearer, but is still the topic of some
controversy (Weis, 2007). In essence the system needs four
basic ingredients and several accessory factors (Figure 1). These
basic ingredients are (1) a signal on the cargo, (2) a nuclear trans-
port receptor (NTR)/karyopherin/importin-exportin that recog-
nizes the signal, (3) nucleoporin phenylalanine-glycine (Nup
FG) repeat regions that form a meshwork/brushwork barrier
inside the NPC, which essentially can only be accessed by
(cargo-loaded) karyopherins/NTRs, and (4) nuclear RanGTP.
Nuclear RanGTP binds to nuclear import receptors (importins)
to release import cargo, and helps to assemble export cargo
onto nuclear export receptors (exportins). Nuclear RanGTPDthus imposes directionality on the nuclear transport system
without the NPC being required to do this (Figure 1).
The functional core of the NPC consists of Nup FG repeat
regions, which are unstructured domains (Denning et al., 2003).
They contain interspersed FG dipeptides that can self-associate
(Patel et al., 2007; Ribbeck and Go¨rlich, 2002), possibly forming
a molecular sieve. Concentrated Nup FG repeats in vitro form
a hydrogel that is impermeable to noncargo proteins, but perme-
able to transport receptors and transport receptor/cargo com-
plexes (Frey and Go¨rlich, 2007, 2009). Alternatively, FG repeat
regions can be seen as nanofilaments, forming a brush that
blocks the pore by kinetic movement but attracting (cargo-
loaded) transport receptors (Rout et al., 2000). Aspects of the
latter model have been recapitulated in vitro (Jovanovic-
Talisman et al., 2009; Lim et al., 2007). Together with the direc-
tionality imposed by RanGTP, the interplay between FG Nups
and NTRs can explain the three layers of selectivity of nucleocy-
toplasmic transport of proteins and small RNAs.
For mRNA export, the signal requirement is not so clear-cut. In
fact, RNAs above a certain size can be exported though a set of
transport factors unrelated to karyopherins (Masuyama et al.,
2004). Therefore RNAs can be thought to contain a ‘‘constitutive
signal’’ for export, which is the ability to associate with proteins
of the TAP/NXF1 and pp15/NTF2 families (Iglesias and Stutz,
2008; Vinciguerra and Stutz, 2004).
One important insight obtained from karyopherin/NTR-depen-
dent nuclear transport is that the translocation event itself is
‘‘passive,’’ i.e., nondirectionalandnot requiring energy. The energy
requirement lies in the maintenanceof the RanGTP gradient across
the NE. The same may be true for messenger ribonucleoprotein
(mRNP) translocation. Conformational changes imposed by RNA
helicases in the nucleus and cytoplasm could account for both
the directionality and energy requirement of mRNP export.
Complexity of the NPC: Evidence for Regulatory Roles?
Clearly the core is not the whole story. Otherwise the NPC would
only require one type of Nup and not 30–35 (Cronshaw et al.,
2002; Rout et al., 2000). To what extent is this complexity due
to regulatory functions of the NPC? It is likely that much of the
diversity in Nup is still directly related to bulk transport
processes. There are more than 20 different karyopherins thatevelopmental Cell 17, November 17, 2009 ª2009 Elsevier Inc. 617
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Mosammaparast and Pemberton, 2004). Each karyopherin
needs to pass the NPC in at least two different conformations:
cargo-loaded and empty, and these are structurally quite distinct
(Cook et al., 2007). Also, the conformation of the karyopherin may
be influenced by its specific cargo (Wohlwend et al., 2007). At the
same time, the window for interaction strengths between FG
Nups and karyopherins is limited; translocation is impeded by
overly strong interactions, as is the case for an N-terminally trun-
cated form of importin b (Kutay et al., 1997; Mohr et al., 2009).
Adding to the complexity, transport receptors involved in
mRNP export belong to a different class than karyopherins do
and likely have their own requirements for Nup FG interactions.
Furthermore, very large cargoes, suchaspreribosomalcomplexes
and possibly the proteasome, most likely require the NPC to
undergo significant conformational changes, requiring a flexible
structure. In conclusion, a ‘‘one-Nup-fits-all’’ design for NTRs
seems implausible, as the need to precisely balance the affinity
of the Nup for the transport receptor is likely to limit the number
of receptors a single Nup can handle. Given the numberof different
transport receptors, and the additional conformational complexity
conferred on them by their cargoes, it is logical that diverse
receptor-specific Nups would be required for efficient movement
across the pore. The complexity of the NPC in terms of the type
and number of its constituent proteins therefore is not necessarily
indicative of a regulatory capacity.
Higher-Order Regulation of Transport by the NPC
A large body of evidence indicates that nucleocytoplasmic trans-
port of individual cargoes is regulated at the level of the transport
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Figure 1. Receptor-Mediated Nucleocytoplasmic
Transport
Import receptor (left) recognizes and binds NLS-containing car-
gos. The complex proceeds to the nucleoplasm through the FG
repeat mesh/brush at the center of the NPC. In the nucleus the
import complex encounters high RanGTP, maintained by the
Ran guanine nucleotide exchange factor (RanGEF). Binding of
RanGTP to the importin releases the cargo, driving the transport
reaction to the nucleus. Export receptor (right) binds to its cargo
(NES) in the nucleus in the presence of RanGTP. The trimeric
complex can permeate the FG repeat mesh/brush and reach the
cytoplasm. Here the complex encounters the RanGTPase acti-
vating protein (RanGAP1) and the cofactor RanBP1 that causes
the complex to dissociate and RanGTP to hydrolyze, driving the
transport reaction to the cytoplasm. Small proteins may diffuse
through the NPC without receptor requirements. RanGDP and
empty export receptors are recycled to the nucleus; import
receptor/RanGTP complexes are recycled back to the cytoplasm,
where they are dissociated under influence of RanGAP1 and
RanBP1.
signal (Kaffman and O’Shea, 1999; Terry et al., 2007)
and rarely at the level of the transport receptor (Bohn-
sack et al., 2006). Evidence that nuclear transport of
single cargoes is specifically regulated at the level of
the NPC is essentially absent, although certain nuclear
transport pathways are more dependent on specific
Nups than others (Bernad et al., 2004; Hutten and Keh-
lenbach, 2006; Sabri et al., 2007; Terry and Wente,
2007; Walther et al., 2001). These specificities so far
have not been implicated in signaling developmental
regulation, most likely because control of nucleocytoplasmic
transport on the level of the single substrate is more easily
achieved by modifying the cargo.
In contrast to this, the NPC has been implicated in the modu-
lation of higher-order processes. For example, changes in the
metabolic activity of vertebrate cells can lead to an increase in
the number of NPCs during interphase (Maul et al., 1980; Ober-
leithner et al., 1994). In addition, the transport channel of NPCs is
larger in proliferating than in quiescent fibroblasts, and cell-
cycle-dependent variation has also been found (Feldherr and
Akin, 1993, 1994). Whether these changes in the number of
NPCs or the transport channel size actively influence global
cellular activity, or rather are adaptations to the requirements
of the cell, is currently unclear, although there is some evidence
to suggest it is an active mechanism. For example, atomic force
microscopy using isolated Xenopus NEs showed that the distal
ring of the nuclear basket opens and closes in a calcium-depen-
dent way (Stoffler et al., 1999), possibly linking NPC gate size to
the cells’ metabolic state. In yeast, mutations in several Nups led
to mRNA export defects (Dimaano and Ullman, 2004), and as
such could be used to modulate overall gene expression and
cellular activity. Such a mechanism may be exploited by the
vesicular stomatitis virus (VSV) (Enninga et al., 2002) during
cellular infection. The VSV matrix (M) protein targets the nucleo-
porin Nup98 and its binding partner Gle2/Rae1, thereby inhibit-
ing host cell mRNA export (Faria et al., 2005; von Kobbe et al.,
2000). In response to the cytokine interferon g, which is released
on activation of the host immune response, protein levels of
Nup98, Nup96, and Gle2/Rae1 are increased, thereby relieving
the mRNA export block.618 Developmental Cell 17, November 17, 2009 ª2009 Elsevier Inc.
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transport is yeast Nup53 (Makhnevych et al., 2003), which regu-
lates nuclear import during mitosis via the import receptor
Kap121 by alternating physical interactions with neighboring
Nups. Specifically, during interphase Nup170 occludes the
Kap121-binding domain of Nup53, but during mitosis molecular
rearrangements cause Nup53 to bind to another Nup, Nic96,
exposing the Kap121 binding site on Nup53. This attracts the
import receptor to the NPC and inhibits its translocation to the
nucleus. How Nup53 is changed during mitosis remains unclear
(Lusk et al., 2007), but the result is that a class of proteins fails to
enter the nucleus, specifically during mitosis. Another example
involves vertebrate Nup50, which is phosphorylated by the
subfamily of mitogen-activated protein kinases (MAPKs) called
Extracellular signal-Regulated Kinases (ERKs; Kosako et al.,
2009). Phosphorylation decreases Nup50’s affinity for the trans-
port receptors importin b and transportin 1, repressing their
accumulation inside the nucleus. De-novo-phosphorylated
Nup50 is predominantly localized inside the nucleoplasm, raising
the possibility that release of Nup50 from the NPC could modu-
late nuclear import events. However, Nup50 depletion itself had
no effect on importin b localization, consistent with earlier reports
(Smitherman et al., 2000), raising the possibility that alternative
nucleoplasmic functions of Nup50 are involved (see below).
Specific Roles for Peripheral Structures of the NPC
Prominent features of the NPC are the filamentous appendices
that project into the cytoplasm and nucleoplasm (Figure 2A). At
the cytoplasmic side these filaments are waving free, while at
the nuclear side they are connected to form the so-called nuclear
basket structure. Mutational analysis and immunolocalization
studies have indicated that the cytoplasmic filaments are mainly
composed of the nucleoporin RanBP2/Nup358, whereas the key
architectural element of the nuclear basket is the Nup named Tpr
(Mlp1/2 in yeast) (Cordes et al., 1997; Krull et al., 2004; Walther
et al., 2002). RanBP2 functions in export complex disassembly
(Engelsma et al., 2004) and recycling of Ran and karyopherins.
Consequently, RanBP2 is required for efficient nuclear transport
in vivo (Bernad et al., 2004; Forler et al., 2004; Hutten et al., 2008)
but not in vitro (Walther et al., 2002). Tpr and yeast Mlp1/2 have
been implicated in mRNA export (Bangs et al., 1998; Green et al.,
2003; Shibata et al., 2002; Xu et al., 2007), suggesting that the
nuclear basket seems ideally positioned for a final quality check
of mRNAs before export to the cytoplasm. Indeed, depletion of
Mpl1 and Mpl2 in yeast leads to the accumulation of misspliced
RNAs in the cytoplasm (Galy et al., 2004). For a diagram mapping
out some of these architectural elements of the NPC, see
Figure 2B.
Modifying Cargoes on the Fly or Scaffolding?
Most interestingly, both the nuclear and cytoplasmic periphery
of the NPC are associated with enzymatic activities (Figure 3).
The first of these to be discovered was the vertebrate Ran
GTPase activating enzyme (RanGAP1) associated with RanBP2
(Saitoh et al., 1996). The activity of RanGAP1, together with
RanBP1 or RanBP1-like domains in RanBP2, stimulates hydro-
lysis of RanGTP bound to nuclear export complexes, leading
to their disassembly (Figure 1). Thus, this enzymatic activity is
inherently linked to the core transport activity of the NPC. Ran-
GAP1 needs to be SUMOylated to bind to RanBP2 (Mahajan
et al., 1997; Matunis et al., 1996). Surprisingly, this posttransla-
tional modification is dependent on a SUMO E3 ligase domain
in RanBP2, which was the second enzymatic activity found at
the NPC (Pichler et al., 2002). At the other side of the NPC, the
opposite enzymatic activity is found; the SUMO protease
SENP2 (Ulp1 in yeast) is bound to Nup153 (Panse et al., 2003;
Zhang et al., 2002). These findings raised the possibility that
these enzymatic activities are linked to specifically modify
nuclear transport cargoes, since they sit opposite each other
on either side of the NPC. Supporting this is the observation
that several SUMOylated proteins accumulate in the nucleus,
and SUMOylation of a protein can affect its nucleocytoplasmic
distribution (e.g., Hong et al., 2001). Indeed it has been found
that SUMOylation can inhibit the NES activity of KLF5 (an im-
portant transcriptional regulator of cell proliferation; Du et al.,
2008) or enhance the NLS activity of viral proteins (Kindsmu¨ller
et al., 2007). However, it is not clear that these substrates are
dependent on RanBP2 for SUMOylation or on SENP2 for
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Figure 2. Structural andMolecular Aspects of the NPC in Relation to
Developmental and Signaling Processes
(A) NPCs in Xenopus laevis oocyte NEs, visualized by scanning electron
microscopy from the cytoplasmic (upper) or nuclear (lower) side. Arrows point
to cargoes caught in transit. Images courtesy of Terry Allen, Paterson Cancer
Institute, Manchester, UK.
(B) Localization of Nups implicated in signaling or developmental processes in
the NPC. Outlined are key landmark features of the pore. INM, inner nuclear
membrane; ONM, outer nuclear membrane. Proteins are named using verte-
brate nomenclature, with Drosophila homologs in parentheses.Developmental Cell 17, November 17, 2009 ª2009 Elsevier Inc. 619
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regulated by SENP2 are transcription factors, and deSUMOyla-
tion has been shown to affect intranuclear transcriptional func-
tion, rather than nucleocytoplasmic localization (reviewed in
Lyst and Stancheva, 2007).
In fact there are very few substrates that are known to be SU-
MOylated by RanBP2 in vivo. One of these is the DNA-unwinding
enzyme topoisomerase IIa (TopoIIa), the SUMOylation of which
has been recently shown to be strictly dependent on RanBP2
(Dawlaty et al., 2008). Interestingly, SUMOylation of TopoIIa is
required for targeting the protein to the inner centromere during
mitosis, and disruption of this process leads to chromosome
segregation defects and cancer. The association of RanBP2
with TopoIIa only occurs in mitosis, at a time when RanBP2
redistributes to the mitotic spindle and the kinetochore/centro-
mere (Joseph et al., 2002, 2004; Yokoyama et al., 1995). The
other known substrate of RanBP2’s E3 ligase activity is the chro-
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Figure 3. Enzymatic Activities Associated with the NPC
At the cytoplasmic side of the NPC, RanBP2 with its SUMO E3 ligase activity
binds the E2 conjugating enzyme Ubc9, enabling the transfer of activated
SUMO moieties to the lysine residues of substrates such as topoisomerase
IIa (TOPO), Borealin, and RanGAP1. In interphase, however, topoisomerase
IIa and Borealin are nuclear proteins and may be protected from SUMOylation
until mitosis. SUMOylated RanGAP1 binds to RanBP2 and participates in the
nuclear transport cycle (see Figure 1). At the nucleoplasmic side of the NPC,
SUMO protease SENP2 localizes to Nup153 and may deconjugate SUMO
from substrates (X). The mitogen-activated protein kinase (MAPK) Extracellular
signal-Regulated Kinase 2 (ERK2) binds to Tpr at the nuclear basket of the
NPC and promotes the phosphorylation of one of its substrates, ribosomal
S6 protein kinase 1 (Rsk1).620 Developmental Cell 17, November 17, 2009 ª2009 Elsevier Inc.mosomal passenger complex (CPC) protein Borealin, required
for correct mitotic progression (Klein et al., 2009). Here also Bor-
ealin-SUMO conjugates are most prominent in mitosis when the
CPC is associated with the centromere. It is tempting to specu-
late that the NPC localization of RanBP2 E3 SUMO ligase activity
is less important for nucleocytoplasmic transport of cargo than it
is for localizing the SUMO ligase itself. In this case, the NPC may
represent both a means to exclude RanBP2 E3 SUMO ligase
activity from the nucleoplasm during interphase, and yet also
a means to localize it to the kinetochores at mitosis
Another well-described example of an enzyme stably associ-
ated with the NPC is ERK2. This MAPK associates with Tpr on
the nucleoplasmic side (Matsubayashi et al., 2001) in interphase
cells (see above). Depletion or overexpression of Tpr resulted in
a decrease of activated ERK2 levels in the nucleus (Vomastek
et al., 2008). However, no concomitant transport defects were
detected, leading to the notion that Tpr functions as a scaffold
for nuclear ERK2 activity. One substrate of ERK2 is p90 ribosomal
S6 protein kinase (Rsk1) (Gavin and Nebreda, 1999; Smith
et al., 1999), which regulates a variety of downstream cellular
processes that include cell proliferation, survival, growth, and
motility. In this way, the NPC could be regulating these processes
by kinase scaffolding.
Exactly this seems to be the case for the leukemogenic fusion
protein Nup214-Abl, associated with T cell leukemias, where
a chromosome translocation leads to the fusion of the Ser/Thr
kinase c-Abl with Nup214 (Graux et al., 2004). This chimeric
protein localizes to the NPC, which is required for enhanced
c-Abl kinase activity and cell proliferation (De Keersmaecker
et al., 2008). Also in this example, the NPC seems to act as a scaf-
fold for increasing the local c-Abl concentration, which allows
cross-phosphorylation leading to increased kinase activity.
Another example of a chromosomal aberration leading to an
NPC-localized kinase is the fusion protein linking RanBP2 with
the receptor tyrosine kinase anaplastic lymphoma kinase (ALK)
(Ma et al., 2003). In this case, RanBP2’s leucine-rich domain,
which anchors it in the NPC, is fused to the cytoplasmic kinase
part of ALK. While the mechanism of action for this chimeric
kinase is not well characterized, the phenotypic output is a rare
myofibroblastic tumor.
In conclusion, it appears that many or most enzymatic activi-
ties at the NPC do not necessarily function in nuclear transport
in a strict sense but use the NPC as a scaffold. By way of
analogy, the interaction of ERK1/2 with the inner NE via Lamin
A/C (Gonza´lez et al., 2008) is also proposed to be a scaffolding
interaction, functioning to rapidly activate the nearby leucine
zipper protein c-Fos.
Developmental Roles of the NPC in Drosophila
Developmental processes have been most extensively studied in
Drosophila, and it is therefore not surprising that the earliest
examples of developmental roles for the NPC have been docu-
mented in this organism. Drosophila Nup88 (encoded by the
gene members only or mbo) mutants show their most prominent
phenotypes in cell types that normally have the highest Nup88
expression levels, in particular the embryonic trachea, central
nervous system, and lymph glands (Uv et al., 2000). Since the
Nup88/Nup214 complex normally sequesters CRM1, limiting the
amount available to export NES cargoes, one possibility is that
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(Roth et al., 2003). The activation of the innate immune response
in Drosophila is dependent on nuclear activity of REL proteins
(Dorsal and Dif), which accumulate inside the nucleus upon
Toll signaling. This nuclear accumulation is dependent on the
dynamic inhibition of CRM1 export rates by Nup88 (Xylourgidis
et al., 2006), providing one of the very few known examples
where a signaling pathway is regulated by nuclear transport at
the level of the NPC. However, in essence the Nup here functions
as a scaffold for the transport receptor rather than as a transport
mediator.
Another example of a mutated Nup showing a tissue-specific
phenotype in Drosophila is Nup154, the fly homolog of Nup155,
which is part of the more central structure of the NPC. Hypomor-
phic nup154 mutants show defective sperm differentiation in
males (Gigliotti et al., 1998), while in females, oocyte develop-
ment is arrested and the actin cytoskeletal architecture is altered
(in both subcortical microfilaments and cytoplasmic bundles of
the egg chamber; see Riparbelli et al., 2007). Other defects
include inappropriate chromatin condensation in the nurse cells.
The actual mechanism by which Nup154 contributes to normal
oocyte development is not known, but it may be mediated by
the transcription factor Cup (Grimaldi et al., 2007), which coloc-
alizes and coimmunoprecipitates with Nup154 and is required
for normal oogenesis. The rather stable binding between the
transcription factor and the Nup suggests a scaffolding function
for the interaction rather than a transport function.
These two instances of selective effects of NPC mutations on
developmental processes suggest that Nups may be used in the
control of development in Drosophila. However, the NPC seems
to act mainly ‘‘out of character,’’ being involved as a regulatory
scaffold.
The NPC in Vertebrate Developmental Regulation
Only recently have the first examples of developmental or
signaling regulation by Nups been recorded in vertebrate organ-
isms. Interestingly, two of them point to a similar mode of action
as seen in invertebrates: modulation of export of specific mRNA
species.
The vertebrate homolog of Nup154, called Nup155 in both
human and mouse, was shown to have a role in the physiology
of the heart. A Nup155 homozygous missense mutation (R391H)
causes cardiac arrhythmia, atrial fibrillation, and early sudden
death (Zhang et al., 2008).nup155mutant cells showNup155 mis-
localized from the NE and have an increased nuclear permeability.
Interestingly, heat shock protein 70 (hsp70) expression is reduced
in hemizygous mice, which is accompanied by an hsp70 mRNA
export defect. This defect is specific because an overall mRNA
export defect is not observed.
The Nup107-160 complex consists of nine different Nups and
forms a central structure within the NPC (reviewed in Brohawn
et al., 2008). One of its members, Nup96, shows an unusual
pattern of cell-cycle-regulated expression in that it decreases
at the end of the G2 phase whereas most other Nups gradually
increase in expression (Chakraborty et al., 2008). In nup96 hemi-
zygous cells, a higher proliferation rate is observed in several cell
lineages. Nup96 reduction at the onset of mitosis results in
enhanced mRNA export of the cell cycle regulators cyclin D3
and CDK6, which causes premature entry into S phase in theDsubsequent cell cycle. These data suggest that Nup96 acts as
an export factor and modulates expression levels of specific
mRNAs in a cell-type- and cell-cycle-dependent manner.
Nup133, another member of the Nup107-160 complex, was
recently shown to be an essential modulator of the transition
from pluripotency to neural lineage restriction (Lupu et al.,
2008). However, no specific transport defect has so far been
reported.
Connections to the Cytoskeleton and Nucleoskeleton
Connections of microtubules to the NPC have been reported
already in the 1970s (Gray and Westrum, 1976) and might regu-
late nuclear trafficking. For example, incoming viruses make use
of the microtubule network to access the nucleus (reviewed in
Greber and Way, 2006). However, regular nuclear import and
export continues in the presence of microtubule destabilizing
agents (e.g., Bohnsack et al., 2006; Suomalainen et al., 1999),
and the cytoskeleton is therefore thought to be dispensable for
nuclear transport. Evidence that NPC/microtubule connections
are more than passive anchor points of the cytoskeleton is
provided by associations of RanBP2 with microtubule motor
proteins, kinesins (Cai et al., 2001). The kinesin-binding domains
of RanBP2 promote motor activity (Cho et al., 2009). Therefore
these interactions could affect the positioning of the nucleus
within the cell or with respect to the centrosome. Interactions
of the outer NE with kinesin motors have been shown to affect
nuclear positioning (Roux et al., 2009) and developmental
processes in which nuclear positioning is essential (Stewart
et al., 2007). It is tempting to speculate that NPC/kinesin interac-
tions may mediate these functions.
Despite intense scrutiny in diverse systems, a nucleoskeleton
has only been firmly demonstrated in Xenopus oocytes (Kiseleva
et al., 2004). These oocyte nuclei are unusually large (>1000-fold
the size of a HeLa cell nucleus) and may require a nucleoskeleton
for structural stability, in particular because the nuclei remain
diploid and the chomatin polymer pressure is very low. The
nucleoskeleton seems to be composed of actin filaments that
connect to the NE via the nuclear basket of NPCs (Cordes
et al., 1997). Evidence that these intranuclear actin cables have
a role in nuclear traffic so far is lacking.
Transcriptional Functions of Nups
Speculation on specific regulatory roles of the NPC has been fu-
eled by the finding that certain FG repeats of Nups can have
dramatic effects on transcription, in the context of chromosomal
translocation-derived chimeric fusion proteins causative of
human leukemias. The first oncogenic FG repeat identified was
that of Nup214, which has been found fused to the nuclear
proteins DEK and SET (von Lindern et al., 1992a, 1992b).
However, the most common participant in oncogenic chromo-
somal translocations is the FG repeat of Nup98, which is found
fused to multiple partners (Romana et al., 2006). The majority
are fused to homeodomain transcription factors, which results
in chimeric transcription factors that are able to transactivate
or transrepress target genes. Transactivation or transrepression
coincides with the ability of FG repeats to interact with the
histone modifiers CBP/p300 acetyltransferase (Kasper et al.,
1999; Wang et al., 2007) or histone deacetylase HDAC1 (Bai
et al., 2006), respectively. Interestingly, in the Nup98-HoxA9evelopmental Cell 17, November 17, 2009 ª2009 Elsevier Inc. 621
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those of Nup153 and Nup214, suggesting an intrinsic property
of FG repeat regions to recruit CBP/p300 and perhaps other
histone modifiers. These data indicate that FG domains have
a direct role in transcriptional modulation. In yeast, Nups have
been found to bind to transcriptionally active genes, and certain
loci are targeted to the nuclear periphery upon activation (re-
viewed in Taddei, 2007). Therefore it is possible that the NPC
recruits histone modifiers through FG repeat regions, creating
an active chromatin environment close to the NPC. Support for
this idea comes from the study of dosage compensation in
Drosophila. In male flies, the X chromosome is transcriptionally
twice as active compared with those in females. This is achieved
by a dosage compensation complex that associates with the
male X chromosome, which includes male-specific lethal (MSL)
proteins (Legube et al., 2006; Mendjan et al., 2006). RNAi-medi-
ated depletion of either Nup153 or Megator, the Drosophila
homolog of Tpr, results in dissociation of MSL proteins from
the male X and a loss of dosage compensation, without affecting
nuclear levels of MSL. These data suggest that the male X asso-
ciates with the NPC through contact with Nup153 and Tpr,
thereby stimulating gene expression.
Alternatively, Nups could act in transcription complexes in the
nuclear interior, away from the NPCs (discussed in Kalverda and
Fornerod, 2007). A clear indication that this might happen is that
the oncogenic fusion proteins that contain Nup214 or Nup98 FG
repeat regions are able to stimulate gene expression (Kasper
et al., 1999) invariably located in the nuclear interior and not at
the nuclear periphery. Also, endogenous Nup98 accumulates
in the nucleoplasm in myeloid cells after stimulation with inter-
feron g, accompanied by increased gene expression (Enninga
et al., 2002). It remains to be established whether Nups stimulate
transcription of specific developmental or signaling pathways.
Conclusion
Regulated nucleocytoplamic transport is an important mecha-
nism for modulating signaling pathways and development.
However, regulation largely takes place on the cargo and to
a lesser extent at the level of the transport receptor. Regulatory
roles for the NPC in nuclear transport seem to be limited to
higher-order regulation. More specific regulation of signaling
and developmental pathways by Nups usually involves using
the NPC as a regulatory scaffold. Context-dependent require-
ments for some Nups may suggest exceptions to this rule, as
export of specific mRNAs may depend on regulated expression
of specific Nups. However, discrimination between effects on
nucleocytoplasmic transport, NPC scaffolding, and gene
expression is a major challenge in interpreting the functional
consequences of changes in the NPC.
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